, "Large-scale radiation and energy balances with Landsat 8 images and agrometeorological data in the Brazilian semiarid region," J. Appl. Remote Sens. 11(1), 016030 (2017) Abstract. Aiming to subsidize the rational water resources management, four Landsat 8 (L8) images along different conditions of the year 2014 were used for modeling the radiation and energy balances in the mixed agroecosystems inside a Brazilian reference semiarid area. The SAFER algorithm was applied to calculate the latent heat flux (λE); net radiation (R n ) was acquired by the Slob equation; ground heat flux (G) was considered a fraction of R n ; and the sensible heat flux (H) was retrieved by residue in the energy balance equation. For classifying the vegetation, the surface resistance algorithm (SUREAL) was used to estimate the surface resistance to the water fluxes (r s ) with threshold values for r s . Clearly, one could see higher λE values from irrigated crops (ICs) than those for natural vegetation (NV) with some situations of heat horizontal advection. The respective λE, H, and G average ratios to R n for the ICs ecosystem were 64% to 79%, 18% to 28%, and 3%, respectively. For the NV ecosystem, the corresponding fractions were 4% to 37%, 60% to 94%, and 4%, respectively. The algorithms proved to have strong sensibility to quantifying the large-scale energy and mass exchanges by applying L8 images in mixed agroecosystems of semiarid environments.
Introduction
Energy exchanges in semiarid regions have gained notoriety due to their agroecosystem dynamics and impacts on regional and local climates. The Petrolina County, Pernambuco state, in the Brazilian semiarid, is an example. Nowadays, it is highlighted as an important agricultural growing region because of the irrigation technologies applied to fruit crops at the vicinities of the São Francisco River. Under these rapid land-use changing conditions, the use of remote sensing by satellite images is strongly relevant for large-scale quantification of the energy and mass exchanges between the surface and the lower atmosphere and is the method used in distinct environments around the world. [1] [2] [3] [4] After taking into account all the radiation balance components, the net radiation (R n ) is the difference between incoming and outgoing radiation fluxes of both short and long wavelengths. R n is partitioned into latent (λE), sensible (H), and ground (G) heat fluxes. 5 Other energy terms, such as heat stored or released in/from the canopies or the energy used in metabolic activities, are in general not considered because they account only for a small fraction of the daily R n and may be neglected in environmental studies. 6 The use of remote sensing by satellite images is a suitable way for determining and mapping the spatial and temporal structure of the radiation and energy balance components. Several algorithms have been developed for this task, with some advantages and shortcomings, such as, the surface energy balance algorithm for land (SEBAL), 7 the surface energy balance index (S-SEBI), 8 and the surface energy balance system (SEBS). 9 Although SEBAL had been calibrated and validated with field radiation and energy balance measurements, and presented a good performance in the Brazilian semiarid region, 10 ,11 the major difficult in its applicability is the need for an anchor dry pixel for neglecting λE. During the rainy season in this region, the mixed agroecosystems composed of irrigated crops (ICs) and natural vegetation (NV) are homogenously wet, all presenting high water fluxes, with λE values from the natural "Caatinga" species being even larger than those from irrigation plots in some occasions. 6 Another problem in relation to the applicability of some remote sensing radiation and energy balance algorithms, when aiming at the end users, is the need for background knowledge in radiation physics. The use of the Penman-Monteith (PM) equation has been suggested for applying remotely sensed vegetation indices, such as the normalized difference vegetation index (NDVI) and the enhanced vegetation index, together with weather data. 12, 13 The PM equation is also highlighted by both the use of the crop coefficient (K c ) approach 5, 14 and the model named mapping evapotranspiration with high-resolution and internalized calibration (METRIC). 15 Considering the simplicity of the PM equation for large-scale applications, two algorithms based on this equation were developed and validated under the Brazilian semiarid conditions. 1 They are called simple algorithm for evapotranspiration retrieving (SAFER), which is based on the modeled ratio of the actual (ET) to the reference (ET 0 ) evapotranspiration to acquire λE, and surface resistance algorithm (SUREAL) for estimating the surface resistance to the water fluxes (r s ). This last model has been successfully applied for classifying ICs and NV in the mixed Brazilian semiarid agroecosystems. 6 To elaborate and validate these algorithms, field data from four flux stations were used together with satellite images involving ICs and NV agroecosystems under strong contrasting thermohydrological and surface cover conditions over several years. 1, 16 Hernandez et al. 17 compared the SAFER and SEBAL algorithms with the K c approach 5 in the Northwestern side of the São Paulo state, Brazil. These applications were done on corn, beans, and sugarcane crops that were irrigated by center pivots. According to the authors, SAFER presented better performance than SEBAL under the conditions of low soil cover by the canopies.
The Landsat 8 (L8) satellite was launched on February 11, 2013, and normal operations started on May 30, 2013 . It has a 16-day ground track repeat cycle with an equatorial crossing time at 10:00 a.m. The Operational Land Imager on L8 is a nine-band push broom scanner with a swath width of 185 km. 18 Some radiation and energy balance studies using remote sensing data have been carried out in the Brazilian semiarid region but with limitations of free-cloud cover images with just one Landsat 5/7 image in a year. However, new research is needed to test the suitability of the L8 satellite for these studies, especially with the availability of images covering different seasons as in the case of the current paper. These new studies are important for operationally monitoring the energy exchanges among the different agroecosystems to assist large-scale water management. 19 The objective of the current research is to apply the SAFER and SUREAL algorithms with L8 images together with a net of agrometeorological stations, covering different seasons of the year 2014, aiming to quantify the large-scale radiation and energy balance components. The results can subsidize criteria for policy decisions aimed at rational water resources management under conditions of rapid land-use and climate changes together with water competitions among different sectors. The success of the modeling with the L8 satellite images may give more confidence for testing and validating the algorithms in other environments around the world, which probably will only need calibrations of the original equations. Figure 1 shows the location of the reference semiarid area (dashed red square on the right side) inside the Petrolina County, Pernambuco state, Northeast of Brazil, together with the net of seven agrometeorological stations (black arrows) used for the weather data interpolation processes in a geographic information system (GIS) environment.
Material and Methods

Study Area and Dataset
According to Teixeira, 20 in the reference semiarid area shown in Fig. 1 , excluding a very few high-altitude places, all the flat areas present long-term annual air temperature (T a ) higher than 24°C. The average monthly maximum value is 33°C and the minimum is 19°C. The warmest months are October and November when the sun is around the zenith position with low cloud cover, while the coldest months are June and July, at the winter solstice in the south hemisphere. The thermal homogeneity strongly contrasts with the spatial and temporal heterogeneity of the rainfall regime. Most rains fall during the first four months of the year, accounting for 68% of the annual total, which presents a long-term (50 years) value of 570 mm yr −1 registered at the "Bebedouro" station (see Fig. 1 ). The sandy soil is classified as Latossoil red-yellow with low retention capacity with a groundwater depth of around 2.5 m.
The ICs agroecosystem is composed mainly of fruit crops, with the main ones being grapes, mangos, guava, and bananas, surrounded by the NV ecosystem ("Caatinga"). The "Caatinga" species are defined as bushes that possess small leaves or thorns. During the dry seasons they become senescent; however, as soon as the rains start, the plants rapidly turn green. Some of them lose their leaves in the dry periods, and others store water, being adapted to tolerate water stress and thrive under environmental constraints, which increases their rainfall water productivity.
Data from seven agrometeorological stations (see Fig. 1 ) were used together with four L8 images acquired under different thermohydrological conditions in the year 2014 [day of the year (DOY): 25-January, 25; 153-June, 2; 217-August, 5; and 265-September, 22]. Grids of global solar radiation (R G ), T a , and ET 0 from the stations were used together with the remotely sensed retrieved parameters during the modeling steps for the large-scale radiation and energy balance components estimations. 6 The grids of weather data with the same pixel sizes of the L8 images were constructed using the "moving average" interpolation method in a GIS environment. Figure 2 presents the flowchart for the large-scale radiation and energy balance modeling, using L8 images together with agrometeorological data through the SAFER algorithm. The bands 1 to 7 (spatial resolution of 30 m) were used to calculate the surface albedo (α 0 ), bands 4 and 5 were used to retrieve NDVI, and the surface temperature (T 0 ) was estimated using the bands 10 and 11 (spatial resolution of 100 m).
Large-Scale Radiation and Energy Balances Modeling
All the regression coefficients of the equations for acquiring the parameters in Fig. 2 were determined in the reference semiarid area shown in Fig. 1 with simultaneous Landsat satellite and field measurements, involving strongly contrasting agroecosystems and under different thermohydrological conditions throughout several years. 1, 6, 10, 16 Following Fig. 2 , the spectral radiances (L b ) were computed from digital numbers (DN) E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 1 1 6 ; 4 6 3
where Gain and Offset refer to the values given in the Landsat metadata file. 18 The planetary albedo for each Landsat satellite band (αp b ) was calculated as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 1 1 6 ; 4 0 8
where L b is the spectral radiance for the wavelengths of band b (W m −2 sr −1 μm −1 ), d is the relative earth-sun distance, Ra b is the mean solar irradiance at the top of the atmosphere (or atmospheric irradiance) for each band (W m −2 μm −1 ), and φ is the solar zenith angle. 6 Ra b for each of the L8 bands 1 to 7 was calculated according to Planck's law, integrating the radiation over the wavelength intervals and considering their fractions over the solar spectrum, assuming the sun as a blackbody. Then, the broadband planetary albedo (α p ) was obtained as the total sum of the different narrow-band αp b values according to their weights (w b ) E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 1 1 6 ; 2 7 9
where the w b values were computed as the ratio of the amount of the incoming shortwave (sw) radiation from the sun at the top of the atmosphere in a particular band and the sum for all the bands. Table 1 shows the wavelengths, Ra b and w b for each of the bands used (B1-B7) in the α p calculations from the spectral L8 measurements.
The spectral radiances from the L8 bands 10 (L 10 ) and 11 (L 11 ) were converted into radiometric temperatures applicable at the top of the atmosphere (T b ) by inversion of the Planck's law in the 10.6-to 11.19-μm (band 10) and 11.5-to 12.51-μm (band 11) bandwidth E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 1 1 6 ; 1 4 9
where K 1 (774.89 and 480.89) and K 2 (1321.08 and 1201.14) for bands 10 and 11, respectively, are conversion coefficients for the L8 satellite.
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Brightness temperature Fig. 2 Flowchart for the large-scale radiation and energy balances by applying the SAFER using L8 images together with agrometeorological data.
The average T b value from the two bands was considered the brightness temperature (T bright ); however, conditional functions were used when one of the bands 10 or 11 presented pixel value problems to retrieve only one band Planck's result for T bright .
Both α p and T bright were corrected atmospherically for acquiring the surface instantaneous values of albedo (α 0 ) and temperature (T 0 ) by regression equations determined from previous simultaneous Landsat and field measurements. Another regression between the instantaneous and daily values was also applied to upscale the satellite overpass to the 24-hour α 0 and T 0 values. 1, 6, 10, 16 NDVI is a land cover and water-related indicator obtained from satellite images as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 1 1 6 ; 4 7 6 NDVI ¼ αp ðnirÞ − αp ðredÞ αp ðnirÞ þ αp ðredÞ ;
where αp nir and αp red represent the planetary albedo over the wavelength ranges in the nearinfrared (subscript nir) and red (subscript red) regions of the solar spectrum, which for the L8 satellite are the bands 5 (B5) and 4 (B4), respectively (see Table 1 ). Daily R n was calculated using the Slob equation 7, 16, 20, 21 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 1 1 6 ; 3 8 4
where τ sw is the sw atmospheric transmissivity calculated as the ratio of R G to the incident solar radiation at the top of the atmosphere (R a ) and the regression coefficient a L was spatially distributed through its relationship with T a 20 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 1 1 6 ; 3 1 7
A constant value for a L ¼ 110 was previously used without considering the thermal spatial differences. 7 The atmospheric longwave radiation (RL a ) was calculated by applying the StefanBoltzmann law E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 1 1 6 ; 2 3 7
where ε A was estimated as follows:
1,6,10,16
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 1 1 6 ; 1 9 3
where the regression coefficients a A and b A of 0.94 and 0.11 are between those for Idaho 22 (a A ¼ 0.85 and b A ¼ 0.09) and for Egypt 7 (a A ¼ 1.08 and b A ¼ 0.26). Estimating the reflected solar radiation (R R ) as the product of R G by α 0 , the daily longwave surface radiation (RL s ) was retrieved as residue in the radiation balance equation E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 1 1 6 ; 1 1 4
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 1 ; 1 1 6 ; Applying the SAFER algorithm, the ratio of the actual (ET) to the reference (ET 0 ) evapotranspiration, ET r , was modeled at the satellite overpass time E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 2 ; 1 1 6 ; 7 1 1
where a sf and b sf are the regression coefficients for the reference semiarid area. 1, 6 The ET 0 daily grids were obtained by applying the PM method 5 interpolating the weather data from the agrometeorological stations (black arrows on Fig. 1) , and then multiplied by the images resulting from Eq. (12), giving the large-scale daily ET pixel values, which were transformed into energy units to retrieve λE E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 3 ; 1 1 6 ; 6 0 7 ET ¼ ET r ET 0 :
Equation (12) does not work for water bodies, i.e., when NDVI < 0. Thus, the concept of equilibrium evapotranspiration (ET eq ) 23 is adopted under these conditions in the SAFER algorithm, and λE eq is retrieved through conditional functions applied to the NDVI values as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 4 ; 1 1 6 ; 5 4 0
where s is the slope of the curve relating saturation water vapor pressure to T a and γ is the psychometric constant. Under these conditions, as the surface moisture availability is not constrained, water vapor transfer is only limited by the available energy. For the daily G values, the following equation was used:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 5 ; 1 1 6 ; 4 4 8
where a G and b G are regression coefficients for the reference semiarid region. The sensible heat flux (H) was estimated as residue in the energy balance equation
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E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 6 ; 1 1 6 ; 3 8 0
For classification of the vegetated surface into ICs and NV ecosystems, the SUREAL model was applied 1, 24 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 7 ; 1 1 6 ; 3 2 4 r s ¼ exp
where a r and b r are regression coefficients for the reference semiarid region. Pixels with r s values below 800 s m −1 and NDVI above or equal to 0.40 were considered the ICs agroecosystem. If r s was between 1000 and 10;000 s m −1 , the pixels should be the NV ecosystem. The high end of this last range was used to exclude human-built structures.
Results and Discussion
Weather Drivers
The weather-driving forces for the radiation and energy balances are R G , precipitation (P), and the atmospheric demand represented by ET 0 . These parameters were analyzed on a daily scale during the transition periods comprising the start of the rainy season in 2013 to the end of the dry season in 2014, involving the previous, current, and post-thermohydrological conditions of the satellite image acquisition dates (January to September of 2014). Figure 3 shows the daily trends of R G , P, and ET 0 in terms of DOY with weather data from the "Timbaúba" agrometeorological station, located in the center of the reference semiarid area inside the Petrolina County, Brazilian Northeast region (see Fig. 1 ).
Among the analyzed weather parameters, P was the most variable in the study period. The rain concentrations were from DOY/year 303/2013 to 120/2014 (November to April), mainly at the end of 2013. The climatically driest periods, with P below 5 mm d −1 , were from DOY 210 to 300 of 2014 (August to October).
Analyzing the daily atmospheric demands, the largest ET 0 values happened between DOY 242 and 304 of 2014 (September to October), when they reached around 7.0 mm d −1 . In these situations, the sun was at the zenith position under low cloud cover conditions. The R G daily values were higher than 25 MJ m −2 d −1 at the end of both years and below 10 MJ m −2 d −1 in the middle of 2014, with these levels significantly related to the sun astronomical positions.
Under conditions of high P, ET 0 , and R G in the second half of the year, both NV and ICs agroecosystems are in favor of large water fluxes; however, with absence of rains, only the ICs will present high rates, promoting strong hydrological contrast when compared with the natural "Caatinga" species.
Remote Sensing Modeling Input Parameters
The radiation and energy balances among the different agroecosystems and thermohydrological conditions will depend on α 0 , NDVI, and T 0 . The first parameter determines the sw radiation that comes back from the surface to the lower atmosphere. NDVI is a key remote sensing indicator related to the land cover and soil moisture, and the emitted longwave radiation is directly proportional to T 0 .
The spatial distributions for the daily values of the remote sensing input parameters, in the reference semiarid area of the Petrolina County, Brazilian Northeast, are shown in Fig. 4 .
A darker land surface, i.e., with a low α 0 , absorbs more solar radiation and has a larger available energy than a brighter one, but this also depends on the soil moisture conditions. 16, 25, 26 The highest α 0 values in the mixed agroecosystems occurred in the image of DOY 265 (September 22), representing the driest period of the year in which the joint effects of low both soil moisture and cloud cover, together with the sun's astronomical position near the zenith position, produce large R G levels.
However, the α 0 spatial variations were homogeneous along the different periods of the year with standard deviation (SD) of 0.02 in all images, with no strong distinctions among the ICs and NV agroecosystems. Clearly, one can see the largest α 0 values in the southern part of the study area, where the Petrolina city is located, close to the São Francisco River. A similar α 0 range, between 0.15 and 0.26, was reported for tropical NV, 27 but the values found in the current study are higher than those previously reported for humid tropical regions. [28] [29] [30] The relation of α 0 with environmental and moisture conditions is also in accordance with other more recent studies. 6, 19, 25, 26, 31 The distinctions among the NDVI large-scale values in the year and among agroecosystems are much clear than in the case of α 0 , with the highest differences happening under the driest conditions of the year, at the end of September (DOY 265). On one hand, the largest pixel values are from January to June, represented by the images of DOY 25 and 153 because the NV species ("Caatinga") consume water from the first rains, increasing biomass production (BIO). On the other hand, ICs, besides the rainfall water consumption, are regularly irrigated daily.
As there is a relation between BIO and λE, 32 the water flux rates are higher in ICs than in NV ecosystems. Corn crops presented twice the BIO values when compared with natural alpine meadow in the Heithe River Basin, with irrigation considered the main reason for these strong differences. 33 The lowest large-scale NDVI values were observed in September (DOY 265), when far from the rainy period, the soil in the root zone of the natural species was dry, promoting their senescence stages.
The T 0 parameter affects the energy available by acting in the long wave radiation balance, with its lower values under irrigation conditions than those from the drier areas in the vicinities of irrigated plots. However, even differentiating the agroecosystems better than α 0 , these distinctions are not as strong as those promoted by the NDVI pixel values. One reason for this is the lower spatial resolution of the thermal band (100 m) compared with the visible ones (30 m) of the L8 sensor.
In general, the periods with the highest T 0 values coincided with those of the largest R G levels (DOY 25 and 265, in January and September, respectively). The lowest T 0 occurred in the middle of the year, after the rainy season (DOY 153-June), which is due to the uniform soil moisture in the root zones of the mixed agroecosystems together with the winter solstice time in the south hemisphere.
The variability of α 0 , NDVI, and T 0 in the "Caatinga" natural ecosystem can primarily be attributed to variations in R G and surface moisture conditions due to consequences of the joint effects of sun position, cloud cover, and rainfall. However, for ICs, as the water is in general regularly applied, the magnitudes of these remote sensing parameters are also influenced by the different crop stages together with water and fertilization management. Table 2 presents the mean daily pixel values of the radiation balance components (RB comp ) for the ICs and NV agroecosystems in the reference semiarid area, involving different thermohydrological conditions in the year 2014 inside the Petrolina County, Brazilian Northeast.
Large-Scale Radiation Balance
The incident global solar radiation (R G ), considered the direct or indirect (diffuse) radiation from the sun, integrated over all wavelengths in the sw interval, presented seasonal variations in the year 2014, however, with similar values inside the ICs and NV areas. The highest R G levels occurred in January (DOY 25), during the rainy season, while the smallest ones were in August (DOY 217), during the naturally dry period.
The values of the reflected solar radiation (R R ) followed those for R G , but R R was also affected by the soil moisture and soil cover conditions, however, without strong differences among the agroecosystem types. The R G and R R accounting gives the sw radiation balance, determining the fraction of solar radiation that is absorbed by the surfaces and converted into heat energy. By several processes, including emission, the surfaces lose this energy as longwave radiation.
The atmosphere absorbs the emitted longwave radiation from the surfaces (RL s ) or loses it into space. In general, RL s presented seasonal variations, according to R G levels, but with less dependence on the agroecosystem types when compared with R R . Part of RL s finds its way back to the surfaces as emitted longwave radiation from the atmosphere (RL a ).
RL a is dependent on T a and on the concentration of carbon dioxide, water vapor, and ozone. RL s values always stayed above the RL a ones, by 20% in January (DOY 25) and 27% in August (DOY 217), independent of the surface type. As RL s was usually greater than RL a , the net longwave radiation represented an energy loss from the Brazilian semiarid agroecosystems to the lower atmosphere.
Taking into account all components from Table 2 , the R n represents the difference between incoming and outgoing radiation of both short and long wavelengths. The fraction of R G transformed into R n ranged from 41% (DOY 217, August) to 47% (DOY 25, January), averaging 45%, independent of the agroecosystem type. This is in agreement with field measurements in ICs and NV done inside the semiarid region of Brazil 16 and with studies involving other agroecosystems, 34, 35 giving additional confidence to SAFER for the large-scale radiation and energy balance acquirements by the coupled use of L8 images and agrometeorological stations.
Using R G and T a interpolated data together with α 0 on a daily scale, the Slob equation [Eq. (6) ] was applied to retrieve the 24-hour large-scale R n values 7, 16, 20, 21 (Fig. 5 ). In general, there were no clear R n distinctions among irrigated and NV areas and no large spatial differences, with the SDs ranging from 0.6 to 0.9 MJ m −2 d −1 . Its strongest dependence Table 2 Daily averages of the radiation balance components (RB comp ) for the mixed agroecosystems, composed by ICs and NV, under different thermohydrological conditions, in the reference semiarid area inside the Petrolina County, Pernambuco, Northeast Brazil: incident global solar radiation (R G ), reflected solar radiation (R R ), atmospheric emitted longwave radiation (RL a ), and surface emitted longwave radiation (RL s ). was on R G as the largest mean R n pixel values for January (DOY 25) and September (DOY 265) corresponded to the highest R G ones (see Fig. 5 and Table 2 ). It is clear from Fig. 5 that one cannot classify the R n values according to the agroecosystem types in the Brazilian semiarid region. Then, spatial differences among ICs and NV should be detected when considering the energy partitions into λE, H, and G, according to the different thermohydrological conditions in the year. These analyses are carried out in Sec. 3.4.
Large-Scale Energy Balance
Acquiring ET through the SAFER algorithm and transforming it into energy units, 6, 19 λE was estimated. Considering G to be a fraction of R n and H retrieved as residue in the energy balance equation, all components of this balance could be spatially determined. Clearly, one can distinguish irrigated areas and water bodies from the NV by the highest crop λE pixel values, according to the period of the year, primarily when looking for the image of DOY 265 (September), which represents the climatically driest condition. In some pixels, λE During the natural driest conditions of the year, between August and October, represented by the image of DOY 265, NV presented the lowest λE values, while irrigated fields showed the highest ones. Stomata of the natural species were close during this period, limiting transpiration and photosynthesis, while, in general, irrigation intervals in crops are short (daily irrigation), reducing the heat losses to the atmosphere.
The largest large-scale λE values for the mixed agroecosystems were in January (DOY 25) because of the joint effects of rains and irrigation together with high atmospheric demand (see Figs. 3 and 6) . During this time of the year, the uniform soil moisture makes "Caatinga" have λE rates similar to those from ICs and even higher in some occasions. Intermediate λE values in NV ecosystem occurred after this period, in June (DOY 153), because the previous rainfalls still kept the natural species actively transpiring.
According to the H spatial variations in Fig. 6 , one can also distinguish irrigated areas from the "Caatinga" species by the lowest values in the first ecosystem, with some crop pixel values even being negative, meaning heat horizontal advection from the warmer NV at the vicinities of the irrigated plots, reaching up to −7 MJ m −2 d −1 . Although with smaller magnitudes, negative H was also measured by eddy covariance system in irrigated orange orchards in the Mediterranean semiarid conditions of Sicily, Italy. 38 The largest H pixels corresponded to the lowest λE values in the image of DOY 265 (September), while the minimum H ones were soon after the rainy period in June (DOY 153), due to low R G levels and high large-scale soil moisture.
The ground heat flux (G) was the energy balance parameter that presented the lowest spatial variations among the Brazilian semiarid agroecosystems. Its values were very low, confirming that in most cases under semiarid conditions, they approach to zero at the daily scale, 6, 16, 39 and could be neglected at this time-scale, as few areas presented daily values reaching up to around 1.0 MJ m −2 d −1 .
Regarding the spatial variations, the lowest SD values for λE and H were soon after the rainy season. Under these conditions, the soil moisture in the root zone of all agroecosystems was high, but with all of them under low R G levels (see Figs. 3 and 6) , situation represented by image of DOY 153 (June 2014).
Vegetation was classified into ICs and NV agroecosystems by applying the SUREAL algorithm [Eq. (17) ] and the r s thresholds. Table 3 shows the daily average energy balance components together the evaporative fraction [E f ¼ λE∕ðR n − GÞ] for ICs and NV, under different thermohydrological conditions in the reference semiarid region inside Petrolina County, Pernambuco, Northeast Brazil.
The lowest R n and λE average pixel values for the ICs agroecosystem were at the start of August (DOY 217), while the highest R n average was during the rainy period (DOY 25) and the one for λE occurred inside the climatically driest conditions represented by the image of DOY 265 (September). The λE and R n values produced a mean E f range from 0.66 to 0.81, respectively, evidencing good soil moisture conditions in the root zone of the irrigated fruit crops. Consoli and Papa, 38 using field energy balance techniques with eddy covariance data, in irrigated orange orchards in the Mediterranean conditions, found a slightly lower average λE∕R n of 0.62, when comparing with the current study. Bezerra et al., 39 applying the Bowen ratio method in irrigated cotton crop in the Brazilian semiarid conditions, found values of λE∕R n ranging from 0.58 to 0.81, similar to our results for ICs (from 0.63 to 0.79, averaging 0.70).
Considering the NV ecosystem, the periods with the highest and the lowest mean R n values were the same of that for ICs, but for λE the smallest average happened in September (DOY 265), with the E f in this natural ecosystem ranging between 0.04 and 0.39. The characteristics of the "Caatinga" natural species were manifested by low values of both λE and E f , outside the rainy season. For ICs, the largest E f happened on occasions of heat advection from their surrounding natural drier areas.
Considering the whole year, H mean pixel value for the NV ecosystem was almost three times larger than that for ICs. On average, H reached 99% of R n in September (DOY 265) for the first ecosystem, while the corresponding fraction for ICs was only 18% during this period. The average H∕R n under the Mediterranean conditions 38 of 30% was almost the same as the current study (26%). The range of H∕R n from 18 to 28% for the ICs agroecosystem is inside the values reported by Bezerra et al. 39 for ICs under the semiarid conditions of the Northeast Brazil (11 to 29%).
Despite G values of up to 1.0 MJ m −2 d −1 (see Fig. 6 ) in some areas, the 24-hour averages for both ICs and NV ecosystems were very low, with daily G∕R n fractions ranging from only 3% to 4%, with no perceptible spatial distinctions along the seasons among either agroecosystem. On one hand, Bezerra et al. 39 reported G∕R n daily values ranging as high as 15% in irrigated cotton crops under the Brazilian semiarid conditions. On the other hand, Consoli and Papa 38 found lower 24-hour average G∕R n of 0.01 in irrigated orange orchards in the Mediterranean semiarid climate. However, the daily fractions in the current study are in agreement with field measurements carried out by Teixeira et al. 16 involving irrigated orchards and NV in the current study area. These G∕R n differences could be due to different soil covers.
For the whole year of 2014, in average, the ratios R n ∕R G , λE∕R n , H∕R n , and G∕R n were 0.45, 0.70, 0.26, and 0.04, respectively, for the ICs ecosystem, while the corresponding ratios for the NV ecosystem were 0.45, 0.25, 0.72, and 0.03, respectively. The knowledge of these fractions is relevant to considering the land-use change effects, together with climate alterations and water scarcity.
The field eddy covariance and Bowen ratio measurements in ICs and NV in the study area previously done by Teixeira et al. 16 returned respectively mean E f values of 0.80 and 0.30, which are close to the average pixel values shown in Table 3 by applying the SAFER and SUREAL algorithms. The similarities of our large-scale results with field measurements in the study area and others from literature are encouraging, stimulating the use of these algorithms with the L8 satellite for quantifying the land-use effects on the energy exchanges in semiarid environments.
Conclusions
The joint use of L8 images and agrometeorological stations allowed the quantification and analyzes of the 24-hour radiation and energy balance components on large-scales in the year 2014, Table 3 Daily averages of the energy balance components for the mixed agroecosystems inside the reference semiarid area of Petrolina County, Pernambuco, Northeast Brazil: net radiation (R n ), latent heat flux (λE ), sensible heat flux (H), soil heat flux (G), and the evaporative fraction {E f ¼ ½λE ∕ðR n − GÞ}. under different thermohydrological semiarid conditions in the Petrolina County, Pernambuco state, Northeast Brazil. R n was more strongly influenced by the solar radiation levels than by the characteristics of the different agroecosystems types, but the water and vegetation conditions were well identified from the energy partition patterns. It was demonstrated that the daily values of the latent (λE), sensible (H), and ground (G) heat fluxes can be estimated for ICs and NV from instantaneous measurements of the visible, near-infrared, and thermal radiations from the L8 sensor, through the application of the SAFER and SUREAL algorithms. The mean fractions of λE, H, and G to R n were 70%, 26%, and 4%, and 25%, 72%, and 3%, for ICs and NV agroecosystems, respectively. In some occasions, in well irrigated ICs, heat fluxes were evidenced coming from the NV dryer areas at their vicinities, promoting λE higher than R n and negative H values. The large-scale analyses of the energy and mass exchange dynamics can contribute to the monitoring of the land-use and climate changes effects in the Brazilian semiarid region. The modeling success here gives more confidence for using the algorithms with L8 images together with weather stations in other semiarid environments around the world, which probably will need only calibrations of the original equations.
